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Progress from Recurrent Select ion
Procedures fo r the Improvemen t of
Corn Populations
John H. Lonnquist 1

INTRODUCTION
Recurrent selection procedures have been employed at the Nebraska Experiment Station since 1943 in attempts to effect improvement
in corn. The general method outlined by Jen kins ( 1940) has been used
in developing improved varietal populations or synthetics for use in
the breeding program. Inasmuch as some changes in the over-all program are being considered at the present time the results obtained
thus far from various modifications of the general plan have been
summarized in this report. Some of the studies included have been
published previously. These include pertinent results from other
workers in corn improvement as well as data reported from the Nebraska Experiment Station. Other data from this station which have
not been published previously, but which pertain to the general problem of population improvement, are included as part of the over-all
report.
The recurrent selection scheme is, in reality, the common procedure followed in any improvement program where selected genotypes from a heterogeneous population are ultimately intercrossed to
provide a new segregating population for another cycle of selection.
The term has been applied more specifically in recent years to a system
in corn improvement where the interval between cycles has been
shortened considerably through use of selected 5 1 (one time selfed)
lines, rather than waiting until the lines have attained essential homozygosity as is commonly clone. Selection is based largely on testcross
progeny performance of the lines sampled from a parental population.
The tester choice depends upon the particular objectives the breeder
has in mind . Where selection is for general combining ability a tester
providing a broad genetic base is used; while if selection is to be based
on specific combining ability a more restricted genetic base tester, such
as an inbred line or a single cross, is employed.
In a program where the development of superior hybrids is the
primary objective, the recurrent selection scheme provides a worthwhile dual role. The evaluation of 51 lines in crosses with a suitable
tester allows the breeder to continue selfing and selection within the
better selected lines or families, using the lines thus obtained in a
1
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hybridization program. The selected S1 lines can be intercrossed also,
to provide a new germ plasm (gene) pool for future inbreeding purposes. With continuing cycles of this procedure, a gradually improved
source of new lines is assured if the testing program is carried out in
such a manner that selection is effective in increasing frequencies of
those alleles contributing to greater productivity in the type of population structure envisaged.
Where improved varieties, as such, are desired, the method provides an effective means of accomplishing this objective. The rate and
extent of improvement will depend upon the amount and kinds of
ge netic variance present in the population with which the breeder
initiates the recurrent selection procedure and upon the selection
accuracy employed in the breeding program.
In attempting to effect improveme nt of most economic traits the
breeder is concerned with the modification of quantitative attributes.
He is essentially striving to effect a desirable change in gene frequencies in a gene pool consisting of numerous genes of relatively minor
effects individually, relative to the environmental effects. Where the
contribution of the individual genes affecting a given trait are large
relative to the environmental effects, the successful application of si mpler breeding and selection schemes is enhanced. In other words, as
the heritability of a character increases, the effectiveness of visual or
simple mass selection procedures increases.
Early studies with corn demonstrated the effectiveness of mass selection for such traits as plant and ear height, ear type, chemical composition and maturity, whereas selection for yield resulted in very
limited progress. Yield expression is known to be highly sensitive to
environmental fluctuations resulting in rather low herita bility estimates (see for example Robinson et. al., I 949). Thus, it was generally
recognized that a modification of procedures was necessary if progress
was to be made in the improvement of this trait.
A modification of the mass selection procedure was introduced by
the Illinois Agricultural Experiment Station in 1896 (Hopkins, 1899).
This was known as the ear-to-row system. H arvested ears were planted
on an ear-to-row basis providing a type of progeny test. Each fall ears
were selected from the higher yielding progen y rows for an ear-to-row
test the next year. Inasmuch as little if any progress was realized for
yielding ability, a number of modifications were tried but none were
found to be very effective for improving yields.
On e reported study of the ear-to-row method can be used to portray
the general res ults. Smith a nd Brunson (1925) reported an ear-to-row
experiment in which selection was practiced for high and low yie ld
over a ten-year period. Following a test of 990 original ears, the 40
highest yielding ears were used to initiate the High-Yield strain and
the 40 lowest yielding ears the Low-Yield strain. Each strain was
planted in a separate plot using the ear-to-row system. At h a rvest four
2

selected ears from each of the ten highest yielding rows in the HighYield strain and from each of the ten lowest yielding rows in the LowYield strain were kept to provide the 40 ear rows in each strain in the
following year.
After two years of selection a replicated yield trial was grown from
composite seed lots from each of the strains to provide a measure of
change realized in comparison with the original unselected variety.
The yield trials were continued over the ten-year period during which
the selection scheme was in progress. The difference between the HighYield and the Low-Yield strains during the first five-year period was
5.8 bushels and during the second five-year period, 15.2 bushels. The
main selection effects, however, were in the direction of a declining
yield of the Low-Yield strain since the differences between it and the
unselected strain were 4.5 bushels and 13.8 bushels for the first and
second five-year periods, respectively. It was apparent that little if any
progress was realized in selection for higher yields through use of the
method and any progress obtained was limited to the early generations
of selection.
These results were typical of those generaJiy obtained from the
ear-to-row experiments. As Sprague (1946) pointed out, the fai lure to
realize progress for higher productivity was probably clue to inadequate field-plot technics and parentage control. Of these weaknesses
the field-plot technics employed were undoubtedly the more important
cause of failure to show progress, although the lack of proper isolation
in many instances wou ld have nullified selection progress. A contributing factor also was the influence of the corn shows in the early part of
this century. Breeders were inclined to make selected ears conform first
to the standards set forth on the show cards. This greatly reduced selection differentials for yield. Experiments are now underway to check
on the possibility of making progress with mass selection and ear-to-row
selection where more adequate technics are employed (see Gardner,
I 961, for preliminary results).
The use of a recurrent selection program in corn improvement
results in the production of new populations after each cycle of selection. These have been termed synthetic varieties. Synthetic varieties
are open-pollinated populations derived from the intercrossing of
selected plants or lines and subseq uently maintained by routine mass
selection procedures from isolated plantings. As pointed out by
Sprague and .Jenkins (I 943), four factors operate in determining yielding ability of a synthetic variety. These are (I) number of lines, (2)
productivity of the lines, (3) mean yield of the intercross combinations
(general combining ability), and (4) the amount of self-ferti lization
occurring. The latter factor is of little importance in corn which is
largely cross fertilized although it assumes greater importance as the
number of lines selected for use is greatly reduced; thus, the two factors (1 and 4) are rather closely inter-related.
3

Early work with synthetic varieties was largely based upon intercrosses of lines available in a breeding program with little attention
paid to their combining ability in crosses. The first reported suggestion
of the use of synthetics in a breeding program was that of Hayes and
Garber (1919) in connection with the development of high protein
corn. Subsequently, results of yields obtained with synthetic varieties
were reported by Hayes (1926), Kiesselbach (1933), and Sprague and
Jenkins (1943). The general result was that from a productivity standpoint, the synthetics were equal to open-pollinated varieties with which
they were compared but little, if any, better. This result is what would
be expected where no evaluation for combining ability was made prior
to selection of lines to be included in the synthetics.
Sprague and Jenkins (1943) reported on synthetics from lines selected for attributes other than combining ability. They produced an
early, a stiff stalk, a rough seeded, a smooth seeded, and a low eared
synthetic. The early synthetic involved 24 early lines, whereas the
other four were each composed of 16 lines selected for the particular
trait desired. The authors pointed out the possibility of using synthetics clevelopecl in this manner as reservoirs of germ plasm which
could then be utilized as sources of new inbred lines in a breeding program. Their usefulness as temporary substitutes in areas where suitable
hybrids were not yet available was pointed out also.
The utility and potential value of synthetic varieties developed
from lines selected specifically for combining ability is promising. As
pointed out previously, the extent to which productivity can be increased in a population is dependent upon the amount and kind of
genetic variances present on which selection can act, and selection
accuracy. Hull (1945) expressed the belief that previous selection in
corn-belt varieties had largely dissipated the additive genetic variance
and this was the underlying reason for failure of mass selection and
ear-to-row selection to increase yields of these varieties.
It is generally assumed that differences in combining ability among
a group of lines from a given variety when crossed to a heterogeneous
tester are clue, in part at least, to the differences in additive genetic
complements among the lines tested. The tremendous range in general
combining ability shown by inbred lines extracted from these corn-belt
varieties when crossed to a tester providing a broad gene base is striking
evidence for the existence of considerable additive genetic variance in
the varietal populations.
More recently, Robinson et. al. (1955) and Lindsey et. al. (1961)
have shown the existence of considerable additive genetic variance
for yield in open-pollinated varieties of corn. All evidence points toward the possibility of obtaining appreciable improvement in yields of
open-pollinated varieties of corn if means of increasing selection accuracy are devised.
4

The first critical study of a synthetic variety produced by intercrossing lines tested for combining ability was reported by Hayes,
Rinke and Tsiang (1944). A diallel set of single crosses among 20 inbred lines was tested in yield trials. The highest yielding eight lines
were selected and a composite of their 28 single cross combinations
was planted in an isolated field. The synthetic was maintained by selection of desirable plants but close selection for ear type was avoided .
In subsequent performance trials the synthetic was superior to an openpollinated variety with which it was compared and about equal to the
double-cross, Minhybrid 403, also included as a check.
The possibilities of developing synthetic varieties suitable for the
fringe areas of the corn belt, where cost of hybrid seed is high relative
to the value of the expected crop, and in areas where hybrid corn might
not be a feasible approach for other reasons, made it seem a worthwhile
objective for study. Effort has been made in recent years to increase
the productivity of hybrid combinations through selection of new superior lines using standard breeding procedures. The limited progress
realized has resulted in an increased interest in the possible use of
alternate methods for the development of superior germ plasm pools
which would provide worthwhile sources for new inbreeding and
selection .

MA TE RIALS AND METHODS
The choice of materials available to the breeder may vary considerably depending upon the particular area in which he is working
and the type of breeding objectives with which he is confronted. Of
primary concern is the choice of a population containing considerable
genetic variability. This may be provided by choosing the best (embodying the highest available degree of characteristics sought) naturally
occurring variety adapted to the particular area or by compositing
several such varieties into a single population. In areas where breeding
programs have resulted in the selection of a large number of lines
differing in their complement of desirable attributes, it may be possible to develop germ plasm pools of various types with sufficient
genetic variability for yield which provide reasonable promise for subsequent continued progress from selection.
The materials which have undergone various types of selection at
the Nebraska Experiment Station differed considerably in type and
origin. Those which have undergone selection for general combining
ability are:
l. Dawes No. 2, an early Western Nebraska variety, believed to
have been a selection of Minnesota 13.
2. Krug Yellow Dent, a variety, formerly grown widely in East
Central Nebraska.
3. Nubold Reid, a strain of Reid Yellow Dent, obtained in Central Nebraska near Minden in 1943.
5

4. Synthetic A, a composite of intercrosses among 9 elite inbred
lines. The lines had been developed in corn breeding programs at vario us Agricultural Experiment Stations throughout the corn belt.
5. Synthetic B, a composite of 25 homozygous lines of diverse
origin but which were no longer considered of sufficient
merit in the
hybridization program. These included lines from a number of Agricultural Experiment Stations including some from Nebraska.
6. Stiff Stalk Synthetic obtained from Dr. G. F. Sprague, Iowa Agricultural Experiment Station. The synthetic was developed from
intercrossing 16 lines selected for their superior stalk strength (see
Sprague and Jenkins, 1943).
Populations which have undergon e selection for specific combi ning
ability are:
1. Krug Yellow Dent.
2. A composite of open-pollinated varieties from South Ce ntral
and South Western Nebraska selected initiall y on the basis of cross
performance with Wf9 x Ml4 as the tester parent.
The general method employed in the recurrent selection program
for general combining ability was:
1. A number of plants (usually severa l hundred) in a h e terozygou s
population were self-pollinated to produce S1 lines.
2. A 25- to 30-plant row of each S1 line was planted in an isolated
crossing block with the parental variety or some unrelated population
which provided a broad gene base as the tester parent. The S1 lin es
were detasseled. At harvest time those S1 lines which exhibited undesirable agronomic characteristics were discarded. Those considered
worthy of r eten tion were harvested and the seed from all plants within
a given S1 line was composited to provide testcross seed of that lin e
for performance trials.
3. The testcrosses were planted in replicated yield trials in a t least
two locations. Evaluation of the lines was based upon productivity as
well as other important agronomic traits exhibited in the testcross
progenies. The be tter lines (usually 10% or more) were selected for
further use in the selection program.
4. Using remnant S1 seed the selected lines were intercrossed e ither
in a complete diallel series or divided into two groups with each lin e
of one group crossed with each line of the second group. A composite
of equal numbers of seeds of each of the resulting crosses was made to
provide a syn-1 generation (composite F 1 ) of the new synthetic. A
portion of the seed of the selected S1 Jines was planted in the selfing
nurser y for continued inbreeding and selection as a source of new
inbred lines for the hybridi za tion program.
5. The syn-1 composite was planted in an isolated block and allowed to undergo random mating. At h arvest no selection for plant
or ear type was practiced . Approximately 250 disease free ears from
healthy plants were harvested to constitute the syn-2 (F 2 ) seed genera6

tion . In making up the syn-2 composite, an equal number of seeds were
taken from each of the harvested ears to provide a balanced composite
for planting the following year. A duplicate composite sample was
made at the same time for insurance purposes and to provide extra seed
for other possible uses.
6. The syn-2 population was used for initiating a new cycle of
selfing and selection (i.e. recurrent selection), for further generations
of synthesis and for testing purposes.
The production of testcross seed required some modification of
procedures, depending on circumstances. For example, if a single-cross
was used as the tester, the S0 plants were crossed to the tester at the
time the plants were selfed. Also, in populations which had undergone
several cycles of selection, the level of phenotypic merit for visual agronomic traits was such that little appeared to be gained by visual selection among S1 lines in a natural crossing block. In this way, S0 plants
could be outcrossed to the tester at the time of selfing. It should be
pointed out, however, that the problem of adequate tester sampling
in making the testcrosses occurs where a heterogeneous tester is used
(Sprague, 1939). The proper use of a natural crossing block with the
detasseling of the lines to be tested is a preferable procedure although
the method requires an additional year's time-thereby lengthening the
cycle.

RESULTS AND DISCUSSION
Synthetic Varieties
The first attempt to develop synthetic varieties using Jenkin's (1940)
method was reported by Lonnquist (1949). The variety used was Krug
Yellow Dent, a locall y adapted, open-pollinated variety. Due to selection against root lodging following a severe storm when the S0 plants
were being selfed to produce the S1 lines, only 36 lines were saved for
testcrossing. Following the performance trials of the testcross progenies,
eight lines, whose testcross progenies exceeded the experiment mean
by one or more standard deviations, were selected to form a High-Yield
synthetic. Seven S1 lines, whose testcross progenies were one or more
standard deviation units below the general mean were selected to form
a Low-Yield synthetic. The two synthetic populations were established
by making syn-0 composites of 50 seeds from each of the selected lines
and planting the resulting High-Yield and Low-Yield composites in
isolated fields. The harvested seed would then be syn-1 generation.
It became obvious that slight differences in time of flowering among
the lines involved would preclude complete randomness of mating and
result in the formation of sub-populations within each synthetic. A
number of generations of synthesis would thus be required before the
populations reached equilibrium. Also, differences in viability of seed
among selected lines would contribute to unequal representation of
7

the parent lines in the new population with a resulting increase in the
amount of inbreeding. ln subsequent synthesis of new populations,
selected lines were first intercrossed as described above in " Material
and Methods" to produce a better balanced syn-1 generation composite.
In I 94 7 and l 948 the syn-2 generation (F 2) of the High-Yield and
Low-Yield synthetics together with the parental variety, Krug Yellow
Dent, were compared in yield trials.
Comparisons of the selected testcross groups with the parental
tester, Krug, are shown in Table l, together with the High- and LowYield synthetics after two generations of synthesis of the selected S1
lines. In both years during which the parental Krug and the synthetic
populations were compared the variances associated with entry differences were highly significant statistically. The parental variety, Krug,
was intermediate in yield as compared with the High- and LowYielding synthetics. The observed difl:erence between the two selectecl
groups of lines in testcrosses was maintained in the resulting synthetics
although the yield level in 1947 was extremel y low. In 1948 the yield
of Krug Yellow Dent agreed closely with that of 1944, the year in which
the selections were made.
A comparison of the synthetics in the 1948 trials showed the LowYield synthetic to yield 88 % of Krug as compared with 118 % for the
High-Yield synthetic. As the testcrosses on which the selections were
based represent only half of the genotypic contribution of the lines
involved one might logically have predicted the synthetic populations
to yield (2 X 9.9. = 19.8) or 80.2 % and (2 X 7.5 = 15.0) or 11 5% of
Krug, assuming largely additive gene action. In this way the realized
gain of the High-Yield synthetic was in fairly close agreement with
expectancy, whereas that for the Low-Yield synthetic was higher than
expected. The mean difference between the selected High- and LowYield testcrosses was 12.5 bushels. If this value is adjusted to account
Table l. Comparisons of parental Krug with selected high- and low-yielding testcross
groups ( l 944) and after the second generation of synthesis of the respective S 1
lines (1947-1948).
Year of
Material

tes t

Selection diffe renti als
and reali zed respo nse

Acre
yie ld

P ct.

Bu.

Testcrosses
Parental Krug
(7) Low lines
(8) High lines
Synthetics
Parental Krug
Low syn-2
High syn-2

Pare ntal Krug

\.,ow s-yn-2
High syn-2

1944
1944
1944

72.0
64.9
77.4

-

1947
1947
1947

17.8
15.2
25.2

1948
1948
1948

74.4
65 .5
87.6

8

0
9.9
7.5

Bu .

-

0
7.1
5.4

0
- 15
42

-

0
2.6
7.4

0
-12
18

-

0
8.9
13.2

for the tes ter paren t co ntributio n, a differe nce of ge notypic values of 25
bush els (2 X 12.5) is obtained. The difference in yield of the two
syn th etics was 10.0 bush els in the unfavora ble 1947 season, but i n
1948, u n d er conditions where yield levels were simil a r to those existing
wh en the tes tcrosses were grown, the differe nce was 22.1 bush els, which
is in good agreement with expectancy. The res ults po int up the effective ness of the typ e of progeny test empl oyed for evalua ting combining
a bility of the S1 lines used in the productio n of the synthe tic varie ties.
R esults of progress obtained using the m e thod d escribed with
several op en-pollina ted varieties h ave been rep orted by Lonnquist a nd
McGill (1956). A summa r y of the d a ta obtained for Krug Yellow D en t,
R eid Yell ow D ent a nd D awes No. 2 is shown in Table 2.
T h e da ta are consiste nt in demon stra ting the practical possibilities
of improving productivity of varietal popula tio ns wh ere a n ad equa te
bas is for selection of the p arent plants is used . U nder conditions wh ere
th e genotypic value of the lines with resp ect to other agronomic tra its
can be evalu ated a nd used in the selec tion procedure, improvem en t
in th ese ch ar acters also should be realized. As the number of traits for
which improvem e nt is sough t increases, the selectio n differential for
each trait is lessen ed. Since the breed er is interes ted in n et m erit, this
is not a serious p ro blem.
Th e breeder n eeds to use cau tio n in his cho ice of traits fo r which
to sel ec t. Selection fo r ch aracteristics of qu es tion able or little econ om ic
value only reduces the ra te of progress for n et m erit. In som e seasons
rela tively little progress from selectio n for a ny given trait m ay b e
obtain ed simply because condition s did n ot permit a differe ntial r eaction of the testcrosses to occur. If continued cycles of breeding are
carried o u t, a gradual improvem ent in all importa nt traits sho uld be
r ealized , h owever. T h e ra te of improvem e nt is d epe nde n t bo th-on th e
existen ce of gen e tic varia tion a nd co nd itio ns favo r in g di ffe ren tial expression for the tra its in question. T h e existence of ge ne tic variation
for m ost trai ts is amply met in all corn varieties as eviden ced from the
variation sh own b y inbred lines extracted from them .
Table 2. R ela tive performance for three open -pollinated varieties and their derived
syn thetics after two generations of synthesis of selected S, lines.
Lodg in g
Popu latio n

Pa rental Vari e ty
Kru g, syn-2 •
R eid , svn-2
D awes #2, syn -2
M ea ns

G ra in
yield

Mo istu re a l
harvest

R oo t

P ct.

Pct.

Pct.

100
122
109
109
11 3

100
91

96

100
45
32

109
99

38

I

N umber of
tes ts
Sta lk
P ct.

100
120

86
47
84

3
2
5

.. Ro man num eral subscripts fo llo wing the vari eta l desig nat io n are used to ind ica te the cycle of
select io n , e .g. Krug I is a fi rst cycle synthe ti c from inte rcrossing selec ted S1 lines o ut of Kru g
Ye llo w Dent , e tc. Th e ge neratio n of synt hesi s is ind icated by syn-2 (== Fz) etc.

9

Stability of Synthetics in Advanced Generations of Synthesis
Under conditions where synthetic varieties superior to locally
adapted varieties can be developed and distributed to corn growers for
use directly, there is interest in the stability of these synthetics in advanced generations. Theoretically, the yield level of a synthetic variety
produced by compositing the intercrosses of S1 lines of corn as described, should, in the absence of selection, remain relatively stable
after the first segregating (syn-2) generation.
Sprague and Jenkins (1943) reported yields for advanced generations (F2 , F 3 and F 4 ) for five synthetics involving 16 and 24 inbred lines.
The over-all means based on a total of 13 test locations showed the
advanced generation yields to be constant.
Lonnquist and McGill (1956) reported on advanced generation
performance (syn-2 to syn-5) for four first-cycle synthetics. The mean
performance of the several generations of synthesis for these populations, relative to that of the syn-2 generation, is shown in Table 3. In
no case was the advance generation lower in yield than the syn-2. The
populations were advanced in isolated fields containing from 5,000 to
l 0,000 plants. At harvest time 150-250 ears from the better appearing
plants were selected for use in propagating each population. By making
a composite of a few seeds from each harvested ear for subsequent
planting, all harvested plants were represented in the next generation.
This procedure precluded the occurrence of excessive inbreeding during the propagation of these populations.
The increase in yield noted in Table 3 was accompanied by an
increase in moisture at harvest. This was probably due to the fact
that the syn-2 generation plants tended to be on the early side insofar
as adaptation to the environment encountered at Lincoln was concerned. Visual selection of the better appearing plants would have
resulted in choosing plants which represented a better fit to the growing season, i.e., those that took full advantage of the growing period.
If these plants were slightly later than the population average, increase
in maturity accompanied by a slight increase in productivity wou ld be
expected. It appears that visual selection as applied to these synthetics
was effective in maintaining the productivity level of the syn-2 generation, but as pointed out above, no loss in yield would be expected once
equilibrium was attained.
Table 3. Relative yield and moisture at harvest of advance generation s of synthesis
in comparison to the syn-2 generation. Average of four synthetic populations.
Generation of
synthesis

Yield of
grain

Pct.

Syn-2
Syn-3
Syn-4
Syn-5

JO

Moisture at
harvest

Pct.

JOO

100

108
111
108

102
105
105

Recurrent Selection for General Combining Ability
Recurring cycles of the method o utlined previously constitutes
the recurrent selection scheme. Where a tester providing a relatively
broad genetic base is employed, selection will be based mainly on
additive genetic effects and is known as selection for general combining
ability. If p erformance of synthetics as such, is of primary interest, the
parental population itself would no doubt constitute the best tester
choice in that the line genotypes would be tested against a genetic
background similar to that of the intercrosses of the selected lines. In
the Nebraska program, in some cases, the parental population has
been used as the tester but more frequently the tester population has
been another unrelated synthetic. In this way some selection for heterotic gene combinations has undoubtedly occurred.
As pointed o ut previously, progress from selection of this general
type is dependent on the amount of additive genetic variance present
in the sampled populations as well as the testing accuracy in the evaluation of the testcrosses. The general procedure has been to grow the
testcrosses in two locations for a single year, basing selection on mean
performance. Even though both tests have been grown under irrigation, thereby removing one of the important environmental variables
in this area, the entry x location interaction variances are in most
cases highly significant. To the extent that genotype x year interactions
are more important than entry x location as shown by Sprague and
Federer (1951), the selections might not have been as reliably made
as would be desira ble. In spite of this apparent weakness of the system,
some progress h as been made with continuing cycles of selection, as
shown by Lonnquist and McGill (1956). In comparison with a standard
double-cross hybrid (U. S. I 3), the relative mean yield of four firstcycle synthetics was 82 percent and the second cycle synthetics 96 percent. Since considerable variation was sti ll evident in these populations
after two cycles of selection the possibilities for further improvement
appeared to be good.
Improved performance of synthetic varieties undergoing a recurrent selection program must be equated to a change in frequency of
favorable genes in the population. This in turn would b e expected to
result in a greater freq uency of desirable genotypes as well as better
genotypes than were present in the original populations. These new
populations would be expected to be an improved source in which to
initiate inbreeding for the extraction of superior lines for use in hybrid
combination. A measure of the average combining ability of genotypes
present in the synthetics can be obtained by a study of the population
intercrosses. Such studies have been carried out.
All possible intercross combinations were made among five cycle I
populations and amon g the same populations after cycle II of selection.
These intercrosses, together with the parent populations and hybrid
II

U .S. 13 included as a check, were grown in yield trials in 1956-57 in a
total of three test locations. By 1958, a third cycle of selection had been
completed for all five populations, so that a yield trial consisting of
the parents and intercrosses for all three cycles of selec tion was possible
in 1960. As the performance for the first two cycles in the J960 test
agreed remarkably well with previous trials, only the summ arized data
obta ined for the three cycle comparison in 1960 are shown in Ta bl e 4.
T h e parental population performance and their prepotencies as determined by their average p erformance in diallel crosses with in each
cycle are sh own . The h ybrid check, U. S. 13, was included twice in
these tests to provide a more reliable basis for comparison. The comb ined data for yield and moisture at harvest for the parents and intercrosses relative to h ybrid U.S. 13 are presented graphically in Figure 1.
The variance associated with differences among cycle mea ns for the
parent populations and for the intercrosses were highl y significan t
Table 4. Performance of five populations after I , II and III cycles of recurrent
selection for general combining ability and of their average prepotence as determined in all possible intercross combinations within each cycle of selection .
Lincoln, Nebraska. 1960 .
Prepotence

.Pe rformance
Population

Acre
yield
Bu.

istu re I
II atMoharvest

P ct.

Stalk
lodging

Pct.

Acre
yie ld

I

~-~oi sture

at harvest

I

Sta lk
lodging

Bu .

Pct.

Pct .

Cycle I
Krug

88.4
86.8
11 5.6
93.6
86.2

16.0
16.2
15.5
16.4
17.5

8.3
10.0
3.6
6.3
2. 1

107.2
105.6
111.9
104.4
108.4

15.7
15.9
16.0
16.1
16.3

7.8
7.2
5.0
5.0
2.0

94.1

16.3

6.1

107.5

16.0

5.4

106.6
102.3
110.6
106.3
96.7

17 .0
17.5
16.6
14.2
18.8

9.4
10.4
5.5
2. 1
1.0

Cycle II
11 6.5
11 3.5
115 .5
11 5.2
117.4

16.7
16.8
17.3
15.7
16.5

5.8
5.5
3.5
4.0
3.2

104.5

16.8

5.7

11 5.6

16.6

4.4

95.4
101.0
ll4.4
109.3
107.3

18.0
16.8
17.8
15.0
18.7

Cycle III
9.4
11 7.4
11 5.6
6.7
2.6
120.6
1.6
120.1
3.6
121.2

17 .0
16.6
17.4
16.6
17.4

3.0

M eans

105.5

17 .3

4.8

119.0

17.0

2.2

Hybrid US 13
(ch ecl<)

99.4

15.8

4.0

99.4

15.8

4.0

R eid
A
B

sss

Means
Krug

Reid
A
B

sss

M eans
Krug

R eid
A
B

sss

12

2.8

2.5
1.8
l.0
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Fig. I. Acre yield and moisture at harvest relative to Hybrid U. S. 13. Five synthetics
and their intercrosses within each cycle of selection for general combining ability.

statistically as was the variance due to the differences between the
parent and intercross means.
Significant differences were also obtained among the several parents
and among the intercrosses within each cycle of selection. Although
there appeared to be a tapering off in improvement for cycle III of the
parental populations (Table 4) the spread between means of the parents
and intercrosses for cycle I and cycle III was practically identical ( 13.4
and 13.5 bushels). The total gain in yield from cycle I to cycle III
averaged 11.4 bushels for the parents and l 1.5 bushels for the intercrosses. This parallel yield increase for the parent means and the
intercross means for the three cycles of selection is interesting. Improvement of the synthetics as such would be based largely on additive
gene effects. This has merely raised the level of productivity among
the crosses without in any way diminishing the non-additive effects, if
in fact these are responsible for heterosis in any large measure. From
the standpoint of future improvement of corn hybrids, this would seem
to have some interesting implications. Intercrosses of selected lines
extracted from the cycle III populations should be vastly superior to
h ybrid U.S. 13 in yield and perhaps in other agronomic traits as well.
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A constant increase in maturity, as measured by moisture at harvest,
was obtained for the parental populations and their intercrosses from
cycle I to cycle III. This would account for a portion of the increase
in yield in that, within certain limits, later maturing types are expected
to be higher yielding. It is doubtful whether this increase in maturity,
however, was sufficient to account for alJ of the increase in yield. Selection for lodging resistance during the cycling program resulted in a
slight but consistent improvement in resistance to lodging. As this
occurred at the same time yields increased, the result was considered
even more encouraging.
Information pertaining to the testcross distribution of plants within
populations undergoing recurrent selection for general combining
ability has been obtained and is of interest to those in search of new
lines for use in hybrid programs.
Sprague and Brimhall (1950), in a report concerned largely with
selection for increased oil content, included results on selection for
combining ability. A total of 167 S0 plants from Stiff Stalk synthetic
were selfed and outcrossed to a double-cross hybrid, Iowa 13, as a tester
parent. Twelve of the selfed progenies which gave the highest testcross
performance were intercrossecl to form a new population. Individual
plants within the new population were selfed and crossed to the same
tester used previously. The shift in mean yield relative to Iowa 13 was
7 bushels after one cycle of selection. No advance in yield occurred
insofar as the upper extreme was concerned, probably clue, as pointed
out by the authors, to the adjustment for stand procedures. Even so,
there was an increased frequency of plants with more favorable combining ability, indicating greater efficiency in extracting more productive lines from the new population.
A subsequent report (Penny 1959) of mean testcross performance
of additional cycles with this material showed an upward trend although differences between cycles were not significant statistically. The
limited progress realized in this case was believed due to limited testing
involved. One location and a single year as used would be expected to
limit greatly the opportunities for identifying superior genotypes.
Lonnquist (1951) evaluated S0 plants from the High- and Low-Yield
Krug, synthetics in crosses to a single-cross tester, Wf9 x M 14. The
frequency distributions obtained are shown in Figure 2. The yield level
of the tests in the two years differed by about 11 bushels, as measured
by the single-cross tester included for comparison. The two frequency
distributions were arranged so that the tester parent fell on the same
ordinate to facilitate comparison of the populations. The change in
yield genotype of plants in the two populations as measured in crosses
to the tester used is obvious. For the Low-Yield population the mean of
the testcrosses was well below that of the tester. The mean of the testcrosses involving plants from the High-Yield synthetic was about equal
to the tester parent with a number of crosses yielding in excess of the
14

HIGI-I-YIELD SYNTHETIC POPULATION

>u
z
Ill

:,

O'

Ill

DC

u.

I

10

·~

I"

I~

,...,
I ,C

I~

'%

:~

I::

1
0 '=--;,!---~:-----::~===~C:...---:~----=1_;'~~~--Li...
..,._L_

60

65

70

75

80

85 ,

90

g5

105

100

_.l__

110

__J

YIELD IN BUSHELS PER ACRE

-----------------------------LOW-VIELO SYNT~ETIC P0PULATION

40

>u

230

Ill

:,

1.-..
I :t

0

w
~20

,t
11'

....

I el

10

1!
111£

/

I_,
I£;

I~
I

o ---L--~--:-:;--.....1...----:'----'---=-'-go
60
65
70
85
75
80

95

100

VIELO IN 8USHEL'1 PER ACRE
Figure 2. Frequency distributions of testcross yields of 152 plants from the HighYield Krug1 synth etic (1948) and 77 plants from the Low-Yield Krug, synthetic
(1949). (From Lonnquist 1951.)
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tester parent. Selection of S1 lines on the basis of testcross performance
and used as foundation material in the synthetics, resulted in marked
changes in yield genotype of the plants in the two derived populations.
McGill and Lonnquist (1955) reported results of testcross performance of plants from the original variety, Krug Yellow Dent, and from
Krug second cycle High- and Low-Yield synthetics (Krug High and
Krus Low) using the same single-cross tester (Wf9 x Ml4) used previously. The two second cycle populations had been developed on the
basis of testcross results using Wf9 x M 14 as the tester parent and were
therefore based more upon specific than genera l combining ability.
As the tester parent was not included in this latter stud y, comparison
with the previous one (Lonnquist, 1951) is not possible. It appears,
however, that there was no appreciable further change in the second
cycle of selection. The differences between the distributions obtained
were highly significant statisticall y, giving further evidence of the
effectiveness of the procedure used in separating the two populations
for combining ability.
Evidence relating to the effectiveness of selection for general combining ability where a single-cross tester is used was reported by Lonnquist and Rumbaugh (1958). The 30 highest yielding lines of 152
Krug1 Si's evaluated in testcrosses with Wf9 x Ml4 were compared with
an unselected sample of lines from the same population in testcrosses
to a broad gene base tester. T h e results indicated the 30 lines selected
on the basis of a specific tester to be __esse::_ntially a random sample
insofar as general combining abili ty was con cerned. If selection had been
effective for specific combining ability however, a further separ<).tion
of distributions should have been realized in the study reported by
McGill and Lonnquist (1955). Limitation of tests where large genotype x environment interactions are present probably explain the
evident lack of progress in this case.
Additional information relating to progress in selection for general
combining ability has been obta ined from the several populations
undergoing recurrent selection at th is station (Lonnquist, 1960a). The
S1 lines selected for intercrossing to provide an advance in cycling for
each of three populations were o utcrossed to an unrelated tester (Stiff
Stalk synthetic) and the testcrosses grown in l 9S7 and I 958. The populations represented were Krug, A, and B synthetics. The select ion intensity and the type of tester employed during the selection programs
are of interest in interpreting the results obtained. The information
is included in Table 5. The number of plants tested ranged from 36
to 154 and the number selected for intercrossing from 8 to 31 , with a
range in selectio n intensity of from 8 to 22 percent.
The average yields of the testcrosses over a two-year period are
shown in Table 6 and the analysis of varian ce in Table 7. Of primary
interest is the fact that the differences among the means for the several
cycles within each population were highly significant in each case.
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Table 5. Sample size, number of S1 lines selected and the type of tester used for
each of the popu lations sampled in the recurrent selection program.
Selected lines
Popul ation

Krug 0. P.
K 1 (specific)
K 1 (gen e ral )
b. 11
A1
A11
Br
B11

Samp le size

36
152
12 1
128
142
154
151
87

Type of tester

Num ber

Percent

8
31
18
17
15
13
14
15

Pare ntal variety
Single cross
Parental synthetic
U nrelated synthetic
Un re lated synthetic
Unre lated synthetic
Unrelated synthetic
U nrelated synthetic

22
20
15

13
II
8

9
17

There was evidence also that differences among lines within each
grou p existed although the variance associated with lines within the
B 11 population was not significant.
The number of lines selected (Table 5) and the number included
in the testcross trials (Tabl e 6) are not in agreem ent. This was due to
the loss of a few lines in some instances. The number included, however, was adequ ate to provide a reasonable measure of the progress obtained. T h e lines out of Krug Yellow Dent (K 0 ) averaged 104.6 bushels.
These were the lines u sed in d eveloping the K r synthe tic. The group of
lines indicated as K 1 (specific) were those selected on the basis of the
single-cross tester, Wf9 x M 14 and used in forming the K II p opulation.
Their average yield in this test was about equ al to that of the K 0 group,
indicating no progress from their selection. This is in agreement with
the results reported by Lonnquist and Rumbaugh (1958) for this m aterial using a different tester. When the K 1 was resampled using a
general tester, progress was m ad e in selecting for combining ability.
Table 6. Mean yields and moistures in the grain at harvest of testcrosses of the
selected upper fraction of lines from each cycle of improvement for three population s. Two-year summary.

i\rf aterial

Acre grain yield

No. of
e ntri es

Mean

Bu .

T ester
Ko
Kr (specific)
K 1 (ge neral )
Kn
Ar
Arr
B1
Bu

3
6

24
18
17
15
13
14
15

M eans
Ko-A r-Br
Kr (gene ra l)-AwB 11
17

R ange

Bu.

Moi sture at
h arves t

P ct.

!12.1
104.6
105.4
II 1.0
110.8
107 .0
11 3.4
112.6
118.4

89.2- 96.I
96.0-111.0
95.2- 11 2.4
105.3- 11 9.2
102.7-118.0
98 .9-115.8
104.0- 122 .0
102.2-11 8.9
l 13.1-125 .6

18.5
Li.8
17 .0
17.4
18.0
17 .7
18.6
16.3
16.9

108. l

99.0-11 5.2

16.9

114.3

107 .5-1 22.3

17 .6

Table 7. Analysis of variance of yields (bushels per acre) presented in Table 6.
Source of variation

Years
Rep lications in years
Entries·
Among checks
Checks vs. tes tcrosses
Popu lations (A, B, Krug)
Betwe·e n groups within A
Between groups within B
Between groups within K
Among A, lines
Among A 11 li nes
Among B, lines
Among ·B 11 lines
Among K 0 lines
Among K, (specific) lines
Among K, (genera l) Jines
Among K 11 lines
Entries x years
Error
•p

= .05

d .f.

Mean sq uares

I

7,076.92°
2,442.94• •
280.46°
85.99
8,369.77**
2,965 .74°
1,893.93 ..
1,267 .88 °
1,043.47°
167.89°
149.93 ...
123.00 ...
64.98
177..45°
127 .35°
119.22°
114.67°
73.10
62.1 8

4
126
3
I

2
I

I
3
14
13
13
14
5
23
17
16

126
504

*""P ::::= .0 1

This was shown by the fact that the K, (general) group of lines averaged 111.0 bushels as compared with 104.6 bushels for the K0 group.
The K" group of lines averaged 110.8 bushels, indicating agreement in
progress comparable with the K, (general) group. The K II sy nthetic
had been produced from the K, (specific) lines as mentioned above,
which resulted in no gain. The lines represented by the K, (general)
and the K" groups were therefore similar in that they had comparable
levels of selection for general combining ability.
In each case the range in testcross yields shown is indicat ive of the
variability within each gro up of selected lines. The average yields
increased from cycle I to cycle II as did the upper extremes. The
logical comparison over popu lations for a single cycle of improvem ent
(Ko, A,, B, vs. K , (general), A" and B 11) showed an average increase in
combining abi li ty of 6.2 b ushels per acre, which is in good agreement
with other measures of improvement (see Table 4) .

Reduction in Genetic Variability
Although h eritable tra its are determined by both add itive and
non-additive genetic effects, the amount of additive genetic variance
for yield in a pop ulation largely determines th e amo unt of progress
the breeder is able to realize in raising the yield level of the population
through selection. As the additive fractio n of the total genetic variance
decreases wi th continued selection, non-additive effects wou ld be expected to occu py a greater portion of the total u ntil the breeder wou ld
finally need to change the breeding approach and probably the way
in which the materials were to be utilized if furth er improvement in
yield was to be realized.
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As pointed out previously, evidence pertammg to the relative
amounts of additive and dominance variance in open-pollinated corn
varieties (Robinson et. al., 1955 and Lindsey et. al., 1961) has indicated
considerably more additive than dominance variance for yield. McGill
and Lonnquist (1955) calcu lated the genetic component of variance
among plants in Krug Yellow Dent to be 0.8 I 5 whereas, that in second
cycle Krug (K II synthetic) was 0.392, a significant decrease. Using the
technic involving half-sib families described by Robinson et al. ( 1949),
a sample of 64 males was taken from parental Krug and one from the
K " (A ) synthetic population in l 955. The sibcrosses were grown at two
locations in 1956 and estimates of the genetic variances obtained. The
additive genetic variance component for yield in Krug was 0.0112 and
for K 11 tA) synthetic, 0.0052. In both studies it appeared that the improvement realized through two cycles of recurrent selection for general combining ability had decreased the additive genetic variance
approximately one-half.
The decline in additive genetic variance in the synthetic might
result from inbreeding. The result of effective selection or inbreeding
would be, in any case, an increase in homozygosity. While inbreeding
as such cannot be ruled out in this case, the use of a reasonably satisfactory number of lines in each generation and the methods of hand ling the material should have held it to a minimum. Also, the normal
expectancy where uncontrolled inbreeding occurs is a reduction in
yield and vigor. In these studies productivity was increased, thus the
reduction in additive genetic variance wou ld h ave been clue largely
to selection having been effective in rendering homozygous, yield genes
which act in an additive manner. The fact that there was little change
evidenced in heterotic response relative to the parent yield level as
yields were increased (Fig. l) would indicate that the frequencies of
genes contributing to non-additive genetic variances were largely unchanged, although relative to the amount of additive genetic variance
one might expect them to be of greater importance at this stage.

Recurrent Selection for Specific Combining Ability
The original se lection procedure for specific combining abi lity in
corn was that of Hull (l 945) in which he suggested recurring cycles of
selection within a heterogeneous population using an inbred line as
the constant tester parent. Assuming overdominance as a major cause
of heterosis and the gene frequency in the tester line as
the variable
population being used in crosses with it would approach
as a limit.
Subsequent crossing of the line x selected population would result in
maximum heterozygosity and, presumably, maximum yield. The suggestion was made on the assumption that heterosis in corn was largely
due to non-additive effects at pertinent loci.
Sprague and Miller (1950) proposed the use of a modification of
this general scheme to obtain information on type of gene action in

q,
1-q
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corn. Results obtained through use of the scheme have been reported
by Sprague and Russell (1956) and Sprague et al. (I 959). Two openpollinated varieties, Lancaster Surecrop and Kolkmeier Reid, were
used. A single-cross tester, Wf9 x Hy, was used for the first cycle of
testing and in subsequent cycles inbred line, Hy, was the tester. Where
a homozygous line was used as the tester it would be expected that
under the overdominance hypothesis the two selected populations
would both approach a
gene frequency where the tester is ass umed
to be
Thus the two populations should become more nearly alike
genetically at pertinent loci. Crosses of the tester x each popul ation
should increase in yield with cycling, whereas interpopulation crosses
would be expected to show a decreasing trend.
The results presented by these authors showed (1) the populations
themselves did not change in their yielding ability, (2) there was an
increase in yield with cycling when each population was crossed to the
tester line, Hy, and (3) intercrosses of the two populations after each
cycle showed an increasing trend. The authors concluded that partial
and complete dominance best explained the type of gene action determining yield in corn.
The use of an inbred line as a tester parent in a scheme of this
sort may have somewhat limited practical possibilities as pointed out
by Sprague (1946). The length of time a chosen inbred line would be
of value in a breeding program would place a limit on the value of
the procedure. If for any reason the tester line became useless in the
breeding program, the breeder would also lose the specific value of
the composite built up with it at considerable cost of time and effort.
Where a single cross is chosen as the tester parent the same difficulties may well apply. Also, since a single cross is heterozygous at many
loci, selection in the variable stock would be limited to changing those
genes which contribute additive effects and those loci in the tester
which are homozygous, but are heterotic when the necessary contrasting allele is present in the composite. At heterotic loci which are
heterozygous in the single-cross tester the pertinent loci in the composite would tend to remain heterozygous also, since selection would
operate to continue both the more favorable and the less favorable
allele in the composite. Single crosses in corn are generally quite vigorous. One might well conclude that the majority of the heterotic loci
are in fact in the heterozygous state, allowing little opportunity for
further improvement if overdominance is the rule.
Selection for specific combining ability may necessitate more extensive testing than is required for general combining ability if, as
Rojas and Sprague (I 952) have pointed out, genotype x environment
interaction is in fact a portion of the non-additive genetic variance.
Preliminary data are available for two populations which have undergone selection for specific combining ability at the Nebraska Station.
A single-cross tester, Wf9 x MI4, has been used for both popul ation s.

q.

1-q
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One population, Krug Yellow Dent, has undergone three cycles of selection although the first cycle was developed using the parenta l variety
as the tester. The third cycle population was sampled in 1957 and the
testcrosses were grown in 1958-59 before making selections to produce
the fourth cycle composite. Testcrosses for previous cycles of selection
h ad been grown in a single year using two locations although in going
from cycle I to cycle II one test location was lost, thereby red ucing
selection to a single test basis. In the 1958-59 trials the origina l variety
Krug, together with the cycle I and cycle II composites (Ki specific and
Ku specific), were crossed to the tester and included along with the S1
testcrosses out of the Km specific population to provide information
on the amount of progress obtained. The results are presented in Table
8 and the yield and moisture relative to the tester are presented graphically in Figure 3.
The data show evidence of progress in increasing yields and decreasing moisture at harvest. Only a slight increase was obtained
for cycle I and cycle III as compared with cycles II and IV. The limited
progress shown for cycle I may have been accounted for partly on the
basis of the tester having been the parental variety rather than the
single cross although selection for general combining ability has generally been quite successful in improving yields. The marked increase
shown by the mean of the lines selected to produce cycle IV is, of
course, biased upward because of the manner in which they are selected in this case. The fact that the selections for cycle IV are based
on two-year test means, however, may reflect a considerable amount of
real progress. A more reliable measure of progress must await the
development of the intercrossed K 1v population and subsequent crossing to the tester single. The tester single-cross is a high-yielding hybrid
in the area where adapted. On the basis of these results it appears that
after four cycles of selection the cross of the composite x the singlecross tester is more productive than the tester parent itself on the basis
of these results.
In other agronomic traits the most important change apparent was
in maturity as determined by moisture in the grain at harvest. The
Table 8. Average performance of Krug populations which have undergone recurrent
selection for specific combining ability in cross combination with the single cross
tester, Wf9 x Ml4. 1958-1959 test results.

Population

Acre grain
yield

Bu.

Tester (Wf9 x Ml4)
0 . P. Krug
K 1 syn-2
Ku syn-2
Km syn (90 S1 lines)
Range
Selected 14 S1 lines for K 1 v syn

105.8
94.6
95.6
l02.4
l03.7
91.4-118.5
I 10.3
21

Moisture at
harvest

Stalk
lodging

Dropped
ears

Pct.

Pct.

Pct.

17.2
19.3
18.4
18.8
17.9
16.0-20.7
17.4

ll

24
18
32
27
15-48.5
27

0 .4
0.6
2.0
2.0
1.3
0-5.6
l.l
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Figure 3. Recurrent selection for specific combining ability, (WF9 x Ml4) x Krug.
Two-year summary 1958-1959.

Krug variety when crossed to the tester was considerably later than the
tester single, whereas the se lected stocks for cycle IV were about equal
in maturity to the tester parent. Selection for resistance to stalk lodging
and ear dropping has been practiced in each cycle but apparently
little if any progress was realized.
A second population, consisting originally of open-pollinated varieties from South Central Nebraska which gave better than average
performance when crossed to Wf9 x M 14, was used in initiating anoth er series for selection for specific combining ability. Lines for intercrossing to produce the cycle II population of this material were
selected following 1958-59 tests of the testcrosses from the cycle I popu-

lation. The mean yield of the testcrosses involved was 99.8 bushels per
acre and that for 15 selected lines for the cycle II population was 103.8
bushels. Although the comparison with the Krug material above is not
strictly valid since the two groups of testcrosses were grown in separate
tests, they were nevertheless adjacent and can be compared in a general
way. Results from the two groups agreed quite closely insofar as cycle
I and II were concerned and gave evidence of comparable gains in
yielding ability.
Selected S1 lines in both groups are being used in a program to
develop parent lines for the production of double crosses with Wf9 x
Ml4 as one parent. To the extent that the cycling procedure has
changed the frequency of those genes in the composites contributing
to superior cross combinations with the single-cross tester used, superior hybrid combinations should be possible.

Simplified Schemes
Mass Selection
The evidence available from the several studies reported points up
the superiority of improved populations as sources for inbreeding for ·
the development of new inbred lines. This can be shown to be in
agreement with expectancy on theoretical grounds. The primary emphasis in an improvement program might well be directed first toward
the most rapid and efficient means of effecting improvement in populations available to the breeder.
The most simple and logical approach appears to be mass selection,
in that a generation of selection is possible each year. The common
belief that this breeding procedure is unsuccessful in improving yield
in corn may be subject to question. A considerable amount of additive
genetic variability has been shown to be present in corn varieties
(Robinson et al. 1955 and Lindsey et al. 1961). In view of these findings,
it is believed that the previously unsuccessful attempts to improve yield
in corn through mass selection may well have been due to improper
field technics employed by early workers.
Gardner ( 1961 ), reporting results obtained at the Nebraska Experiment Station, showed marked improvement with the Hays Golden
variety where mass selection methods providing increased selection
accuracy have been used. The average gain in yield per generation for
the first four generations of selection was 3.93 percent over the parental
variety as indicated by the linear regression line. A gain of about 15
percent was obtained after four generations of selection. The selection
intensity was 10 percent each year based upon the yield phenotype of
the harvested ears.
A yield trial in 1960 which included an additional generation of
selection gave evidence of continued improvement. A shortage of seed
of the third generation of selection limited the test to generations I,
2, 4 and 5 together with the original variety. The results are shown .
23
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Figure 4. Progress from mass selection in Hays Golden Variety. Perform a nce tri al
grown at Lincoln, 1960, ten replications.

graphicaJ! y in Figure 4. A continued improvement in yield rela ti,·e
to the original varie ty is evident in these data, the fifth generation of
selectio n exhibiting a 19 p ercent superiority. A stud y of maturity as
measured by moisture in the grain a t harvest reveals a marked change
also. The 5 generations of selection have res ulted in a n in crease of
about 8 percent for moisture in the grain a t harvest. This increase in
m aturity, while not of sufficient magnitude to be of concern in the
area wh ere the materi al was grown, should it continue, would ultim ately result in a po pulation too late to m a ture safely. In some a reas
such an increase in maturity could not be tolerated.
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As G ardner (1961 ) pointed o ut, ther e is n o evidence of a substantial
reduction in additive genetic variance with a consequent d ecline in
rate of gain. A ra ther m arked change in prolificacy h as been no ted in
the selected popula tions. H ays Golden is typically a single-eared var iety. A count of selected pl ants in the 1960 h arvest (genera tion 5)
showed 80 percent to have two or m ore ears. W h en progress is no
lon ger evident with the present m ethod of selection a shift to some
type of ear-to-row selection is planned. From the standpo int of the
m ech anics involved , the simple mass selection m ethod is par ticularly
a ttractive in that d etailed r ecord keeping and hand pollina tio n procedures are n ot required.

Paired-Plant Crosses
A scheme for population im provement involving a limited amount
of controlled pollina tion and r ecord keeping, but providing more
par entage control and a means of more accurate selection fo r yield
and o ther d esir ed tr aits than occurs with m ass selectio n , h as been initia ted at Neb raska in recent years (Lo nnquist 1960b). One cycle of
selection h as been completed to elate. One version of the scheme was
suggested by S. C. H arland (l 946) al though no d ata were repor ted. T h e
m ethod consists of crossing plan ts in pairs within a varietal po pulation .
R ecip rocal crosses can be mad e which will provide ample seed of each
crossed pair of plan ts for testing purposes. T h e crosses are grown in
performance trials and remn ant seed of the superior crosses are com posted to form the n ext cycle popula tion. T he pr emises o n which this
schem e is based are:
1. A variety of corn is composed of a wide array of yield genotypes
wh ose mean yield is th a t of the variety itself.
2. T he yield geno types represented will p robably sh ow a normal
d istribution with h alf being above the popula tion m ean and h alf
below.
3. Crossing plants by pairs should result in high x high, high x
low, and low x low yield geno types in a p roportion of about I :2: 1.
4. If such crosses are grown in replicated trials the upper yielding
25 percent of the crosses should include a good number of the h igh x
high geno typic combina tions. Their selection would result in an increased frequency of favorable genes in the new popula tio n with a
resulting improvem ent in performance.
Using the third cycle Krug synthetic (K 111 syn-3) as the sou rce
popula tion, plan ts were crossed in p airs in I 956. A total of I 05 such
paired-plan t crosses were grown in yield trials in 1957. T h e results are
reported in Table 9. T h e high est yield ing 13 crosses were selected for
com positing to form a K IV <cl high-yield populatio n with an estima ted
mean yield of 110.9 bushels relative to 99.4 bush els for the parental
popula tio n. Likewise, the lower yielding 13 crosses were selected to
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Table 9. Frequency d istr ibu tion of yields of paired-plant crosses involving S0 p lants
within the Krug, 11 syn thetic, Lincoln, 1957.
Class centers ( Bu ./ Acre )
Material

I

80

I

85

I
6

Pairs
Km syn- 3

90

5

I

95

I

20
I

100

105

I

31

26

I

I

Total

Mea n

No.

Bu .

105
3

100.5
99.4

13
13

110.9
86.4

I 110 I 11 5
13

3

Crosses selected for K,v, c , High-Yield Population
Crosses selected for K 11-, c 1 Low-Yie ld Population

form a Kn (c) low-yield population with an estimated mean yield of
86.4 bushels. Following a generation of random mating of each composite in isolation the synthetics were tested in yield trials in 1959. The
results are shown in Table 10. The selected parental crosses used in
forming each population were included also. Relative to the parental
population grown in 1957 when the crosses were selected the high-yield
group of parental crosses was 112 percent and the low-yield group 87
percent of the parental K "' syn-3. In the ] 959 test the values for the
respective selected parental crosses were I 09 percent and 86 percent.
The syn-2 generation of these two groups of selected crosses included
in the 1959 yield trial were 102 percent and 96 percent for the high- and
low-yield groups respectively, reflecting a marked shift toward the
parental population level.
The new populations were regrown in 1960. The summary of performance of both populations together with the parental K 111 syn-3 and
Hybrid U.S. 13 included as checks are presented in Table 11. The relative yields in 1960 as compared with parental K III syn-3 were 114 percent and 101 percent for the high-yield K"'<u1 syn-2 and low-yield
Kn·cc) syn -2 respectively. On the basis of the two-year means a significant increase in yield for K iv <c l high-yield syn-2 was realized relative
to the parental population, whereas K "' cc 1 low-yield syn-2 was lower
yielding but not significantly so. There were no significant changes for
the other observed traits except for a slight decrease in moisture at
harvest for the low-yield K ''" <cl syn-2.
Table IO. Performance of selected high- and low-yielding paren tal paired-plane
crosses together with the syn-2 generation synthetics resulting from their intercrosses, Lincoln, 1959.

Parental K111 syn-3
Selected high 13 crosses
K,v ,c , high yield syn-2
Selected low 13 crosses
K w ,c, low yield syn-2
•L.S .D . (P .05)

M:oisture at
harvest

Sta lk
lodgi ng

Dropped
ca rs

Bu .

Pct.

P ct.

P ct .

88.6
96.2
91.7
76.4
83 .2

20.5
19.5
19.1
19.2
19.5

8
7
8

0.6
0.2
0.7
0.3
0.2

Acre
Yi eld '

Population

= 6.9 bushels
26

8

8

Table 11. Two-year summary of performance of high- and low-yielding K 11- ( c I syn-2
populations produced from intercrossing selections of S0 x S0 using a pairedplant cross series out of K 111 syn -2, together with hybrid U. S. 13 as a check.
Lincoln, Nebraska, 1959-1960.

I

Acre grain yield
Population

u. s.

13
K 111 syn-3
K,v, c \ Low syn-2
K11-,c\ High syn-2
L.S.D. (P. 0 ,,)

wrean
Bu.

110.2
92.8
90.4
IOJ.l

1959

1960

Bu.

Bu .

l06.5
88.6
83.2
91.7

I 14.0

97.0
97.5
110.6

Moisture
at har vest
Pct.

16.4
18.4
17.6
18.2

Stalk \ Dropped
lodging
ears

Pct.

Pct.

6
8

3.8
0.3
0.1
0.6

8
8

5.8

Chain Crosses
The selection of high-yielding crosses on a paired-plant basis may
well result in considerable selection for heterotic effects. This would be
reflected in a greater loss in yield of the syn-2 generation as compared
with the predicted gain than where selection was based primarily on
additive effects. Some compensation for this effect could be realized
if the plants were first crossed in a chain series, i.e., 1 x 2, 2 x 3, ...
(n-1) x n and n x 1. The average of each plant's contribution would
then be based on its mean yield in two crosses, providing a better
measure of general combining ability.
The procedure followed in selection for improved yielding ability
was to select plants first , on the basis of their average effect in the two
crosses, followed by selection of the better cross of the two for each of
the highest average yielding plants to provide material for the new
population. This latter procedure emphasized heterotic effects again ,
but only among those parent plants with the better average yields.
To provide comparable sample sizes for the two methods of selection
twice as many crosses would need to be grown in the chain-cross series
as compared with the paired-cross series. This was not done. In the
paired-cross series reported above, the 105 crosses involved a total of
210 plants. A series of l 00 chain crosses were made and grown (total
of JOO p lants) in 1957. These were from the same parental population,
K 111 syn-3, used in the paired-cross series. As the number of plants thus
involved was on ly half as large as for the paired series, the selection
intensities were quite different. The amount of total effort involved
was nevertheless equ al and the data are reported to demonstrate the
possible relative value of the two schemes. The resul ts of the test of
the chain.cross series are shown in Table 12.
The highest (or lowest) yielding cross from each of the 13 plants
with the upper and lower mean values were selected for compositing
to form a high- and low-yield population. The mean yields of these
two resulting groups were almost identical to those from the previous
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Table 12. Frequency distribution of yields for the individual chain-cross series and
the distribution of parent S0 plant means. Lincoln, 1957.
Class centers ( Bu ./Acre)
Materi;tl

I so

Chain Crosses
Plant Means
Kur syn-3

Total
85

90

95

100

105

11 0

11 5

7

17
16

19
35

30
28

15
10

6
8

4
2

I

I

120

Crosses se Iec tcd for Kn·,s, High Yield
Crosses sc lccted for K,v 1 8 , Low Yield

Mean

No.

Bu .

100
l

98.0
98.0
94.4

13
13

110.I
85.9

LOO

I

I

series. These selected composites were -grown in isola ted plantings for
synthesizing the new populations and, subsequently, the syn-2 generations were compared in yield trials in 1959. As seed supplies were m ore
limited where the chain-cross series were used as compared with that
of the paired-plant series, it was n ot possible to include all of the
selected parent crosses in the trials involving the new populations. In
both the high- and the low-yield series, sufficient seed of 9 of the 13
crosses was available for a repeat test in 1959. The results are shown
in Table 13.
R elative to the parental population, K 111 syn-3, the mean yields of
the high- a nd low-yield selected composites were 117 percent and 9 1
p ercent, respectively. For the parent crosses repeated in the 1959 test
the respective values were 107 and 86 percent. The respective relative
values for the yields of the syn-2 generations were I 08 percent a nd 95
percent indicating that there was less decline in yield of the selected
high-yield composite in the syn-2 generation than occurred in the
paired-cross series.
As with the previously discussed series the new populations were
regrown in 1960. The results are presented in Table I 4. The relative
yields as compared with the parental Km syn-3 population were l 13
percent and 95 p ercent for the high-yield K,v (a l syn-2 and the low-yield
K11•<uJ syn-2, respectively. Again a significant increase in yield was
Table 13. Performance of selected high- and low-yielding crosses from the ch a incross series tests a nd the syn -2 generation synthetics resulting from their intercrosses. Lincoln, 1957.

Population

Km syn-3
(9) Selected high crosses
K,v 18 , High-yield syn -2
(9) Selected low crosses
K w 18 \ Low-yield syn -2
• L.S.D. (P .05)

Moisture
at harvest

Stalk
lodging

Dropped
ears

Bu.

P ct .

P ct.

P ct.

86.4
92.6
93.5
74.0
82.l

19.6
20.2
19.6
18.8
19.3

7

0 .6
0.2
0.3
0.5
0.8

Acre grain
yie ld ·

= 7.3 b ushels
28

5

8
ll
14

Table 14. Two-year su mmary of performance of h igh- an d low-yieldin g K 11, 1s; syn-2
populations produced from intercrossing selections of S0 x S0 plant crosses ou t
of K 111 syn-2 using a chain-cross series, together with hybrid U. S. 13 as a check.
Lincoln, Nebraska, 1959-1960.
Acre grain yield
Mo is ture
at harvest

Stalk
lodging

Dropped
ears

Bu.

Pct.

Pct.

Pct.

l 14.0

16.1
18.0
I 7.9
18.2

6

1.8
0.3
0.4
0.2

Population

Mea n

Ru.

U. S. 13
Ku 1 syn- 3
K, v 1s 1 Low syn-2
Kff (B) High syn-2
L.S.D. (P .,,5)

I

1959
Bu.

110.0
91.7
87.2
l01.4

l06.1
86.4
81.9
93.5

I

1960

97.0
92.4
109.4

7
13
8

5.5

obtained where selection for higher yield was practiced. On the basis
of the two-year means more relative change in both directions of
selection occurred here t han in the paired-plant cross series, although
the difference was not very great. Selection in the chain-cross series
therefore, appeared to be slightly more effective in altering population
yields than in the paired-cross series. If the difference in sample size
(number of p lants tested) and its effect on selection intensity are considered the slight advantage for the chain-cross series becomes more
significant. The range in yields shown by the crosses in both cases was
of considerable magnitude. The parental population, K 11, syn-3, would
be expected to have less genetic variation present than would a well
adapted variety which had not been subject to the breeding procedure
used in developing Km syn-3. A second cycle of breeding has been
initiated within each of the K ,v populations derived by paired p lant
and chain crosses to study what further progress might be possible with
these methods. Also, the methods are being applied to the Hays Golden
variety to provide comparisons with the resu lts obtained using simple
mass selection procedures.
The rate of decline of additive genet ic variance in populations
undergoing any sort of improvement procedure is of considerable importance to the breeder. Permanent improvement of a cross fertilized
species is dependent upon one's ability to select on the basis of additive gene effects. It is generally believed that the success of hybridization in corn has been largely due to the breeder's ability to capitalize
on non-additive gene effects over and above the chance addit ive endowment of the lines selected. Actua lly, little attempt has been made to
practice intrapopulat ion selection first in such a way as to utilize the
major portion of the additive variance present in corn varieties and
subsequently to look for combinations of lines giving greatest heterotic
response. The hybridization procedure as used in the Cornbelt and
elsewhere has contributed great ly to genet ic erosion of the varietal
germplasm avai lable.
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Further improvement in hybrids available to farmers demands a
new approach in breeding. If breeding methods designed to take full
advantage of the additive genetic variance present in our corn varieties
are employed, the yield levels of these varieties can be increased
markedly. The evidence obtained thus far appears to point to no dissipation in the non-additive effects while effectively selecting for additive
effects. Thus, raising the floor of productivity over what it is at present
through selection based upon additive gene action and subsequently
capitalizing on the non-additive gene effects might well result in a
considerable improvement in yield genotypes over those now in
existence.
The reciprocal recurrent selection procedures outlined by Comstock
et al. (1949) are in principal, designed to utilize and build on both
additive and non-additive genetic variances simultaneously. To the
extent that hybridizatio11 can be done effectively and economically, th e
reciprocal selection procedure is a worthwhile procedure to be followed.
Under somewhat different circumstances and by using other simpler
methods considerable improvement in populations per se seems possible. In many cases, these methods may provide an entirely satisfactory
means of improving productivity potential of agricultural plants without trying to use the more sophisticated methods and then trying to
overcome the hurdles presented through lack of facilities and technical
know-how.

SUMMARY
Recurrent selection procedures for the improvement of populations
per se as well as for sources of lines with improved combining ability
for use in developing superior hybrids have been under study at the
Nebraska Experiment Station since 1943.
The general procedure has been to evaluate S1 lines from the parent
population in testcross combination with a suitable tester. The tester
choice has been one of a broad gene base for improvement in general
combining ability (additive genetic effects) or of a single cross for improvement in specific combining ability (presumably non-additive
genetic effects).
The selected S1 lines were intercrossed manually to provide stocks
for the next cycle composite for subsequent synthesis through random
mating. The next cycle of selfing-testcrossing-testing-selection-intercrossing was initiated from the syn-2 (F 2 ) or syn-3 (F 3 ) generation. A
portion of the selected S1 line seed was advanced into the selfing and
selection nursery from each population in each cycle for the development of lines for use in the hybrid program. Three open-pollinated
varieties, Krug, Reid and Dawes #2 (an early variety from Western
Nebraska), and four composites, stiff stalk synthetic (16 lines), A (9
elite lines), B (25 non-elite lines) and a variety composite (South Central Nebraska varieties) were used in these studies.
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The average increase in productivity of three varieties in comparison with the parents after one cycle of selection for general combining
ability was 13 percent. The improvement in yield shown by the syn-2
(F~) synthetics over their parental varieties was maintained in advanced
generations of synthesis in isolated blocks through normal visual selection procedures. Five synthetics (K,, R,, A,, B ,, and SSS ,) were advanced to cycle II and cycle III by selection for general combining
ability. The five populations were intercrossed after each cycle of selection and compared in yield trials with the parental populations in
1960. The mean yields were 94.1 bushels for cycle I, 104.5 bushels for
cycle II and 105.5 bushels for cycle III parents: The intercross means
were 107.5 bushels, ll5.6 bushels and 119.0 bushels for cycle I, II and
cycle III, respectively, compared with 99.4 bushels for hybrid U. S. 13,
included as a check.
Yield genotypes of plants within the first cycle Krug synthetic
populations were studied in testcross combination. A total of 152 plants
from KI high-yield synthetic and 77 plants from K, low-yield synthetic,
all crossed to Wf9 x M14 as the tester parent were evaluated in 1948
and 1949 respectively. That yield potential of plants in the two populations had been effectively separated was demonstrated by the means
of the crosses from each, relative to the tester parent. Yields of testcrosses from the low-yield synthetic averaged well below that of the
tester. The mean yield of testcrosses from the high-yield synthetic was
about equal to the tester single, but yields of several crosses exceeded
that of the tester parent.
A further test of selected S1 lines from cycle I and cycle II populations in testcross combination with an unrelated synthetic variety as
the tester showed the gain in mean yields about equal to the average
gain in yield of the populations per se. The range in yields among the
selected lines within the populations studied indicated the existence
of sufficient variability to assure additional future gain from selection.
Progress from selection for specific combining ability was also
realized . The original Krug variety, when tested in crosses to a singlecross tester, yielded below the tester parent. The predicted yield of
the cycle IV x tester cross was well above that of the tester parent.
Results obtained from more simplified schemes of recurrent selection were reported. Mass selection procedures with the Hays Golden
variety resulted in a constant and rather substantial increase in productivity over five generations (cycles) of selection. Methods using tests
of paired-plant crosses and chain crosses were described. Both schemes
were initiated in the K 111 syn-3 synthetic. The chain-cross series permits
the evaluation of each plant in crosses with two others, providing more
accurate evaluation and selection than is obtained in the paired-plant
series. Even though selection intensities were lower in the chain-cross
series, slightly more progress was realized in the next cycle than for the
paired-cross series.
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Intra-population selection for improvement based upon additive
genetic variance was suggested prior to the use of these populations
as sources for inbreeding. It was pointed out that this will increase
the yield level of the populations and that subsequent line development for hybridization purposes should result in more prod uctive
hybrids than now possible with a given amount of effort.
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